ABSTRACT: In nature, organic matrix macromolecules play a critical role in enhancing the mechanical properties of biomineralized composites such as bone and teeth. Designing artificial matrix analogues is promising but challenging because relatively little is known about how natural matrix components function. Therefore, in lieu of using natural components, we created biomimetic matrices using genetically engineered elastin-like polypeptides (ELPs) and then used them to construct mechanically robust ELP-hydroxyapatite (HAP) composites. ELPs were engineered with well-defined backbone charge distributions by periodic incorporation of negative, positive, or neutral side chains or with HAP-binding octaglutamic acid motifs at one or both protein termini. ELPs exhibited sequence-specific capacities to interact with ions, bind HAP, and disperse HAP nanoparticles. HAP-binding ELPs were incorporated into calcium phosphate cements, resulting in materials with improved mechanical strength, injectability, and antiwashout properties. The results demonstrate that rational design of genetically engineered polymers is a powerful system for determining sequence-property relationships and for improving the properties of organic-inorganic composites. Our approach may be used to further develop novel, multifunctional bone cements and expanded to the design of other advanced composites.
' INTRODUCTION
Biomacromolecules play a critical role in generating the remarkable mechanical properties found in load-bearing, biomineralized composites such as bone, teeth, and nacre. [1] [2] [3] [4] Organic phase polymers, in combination with hierarchically organized structures, result in materials with exceptional combinations of high stiffness and toughness, [5] [6] [7] properties that are challenging to achieve simultaneously with conventional synthetic approaches. 8, 9 Despite being present at small weight percents, organic phase macromolecules play several roles: as biomineralization modulators through amorphous calcium phosphate stabilization, mineralization acceleration, and mineralization inhibition; [10] [11] [12] [13] [14] [15] as cellbinding mediators; 16 and as nanoscale adhesives. 3, 7 As adhesives, macromolecules, such as the noncollagenous proteins in bone, bind the mineral phase, transfer strain, and dissipate energy through the breaking of "sacrificial bonds". These bonds form through noncovalent intrachain, interchain, and interfacial interactions. 3, 17, 18 Considering their importance in nature, it would be extremely beneficial to further explore the rational design of synthetic organic phase analogues. Calcium phosphate cement (CPC) bone defect fillers are commonly used biomedical materials that could benefit from incorporation of an organic phase. CPCs are synthesized by mixing of calcium orthophosphate precursor powders and an aqueous phase. After powder dissolution and reprecipitation, they form purely inorganic, brittle materials composed predominantly of hydroxyapatite (HAP), the mineral component of bones and teeth. 19 They are valued for their osteoconductivity, biocompatibility, and moldability into complex defect sites. 19, 20 However, due to their insufficient strength, CPCs are only FDA approved for filling non-load-bearing defects. 21 Therefore, improvements to CPCs could expand their medically suitable application sites and reduce the need for autografts, which are limited in supply, and allografts, which can be immunogenic. 22 We endeavored to emulate the mechanical enhancements observed in nature by designing biomimetic polymers and incorporating them into CPCs. The design goals were to control the polymers' backbone-backbone and backbone-inorganic interactions which may be crucial determinants of organic phase functionality. 3 Having such control allows for systematic determination of sequence-property relationships. Conventional approaches for fabricating inorganic-organic CPC composites have relied on incorporating off-the-shelf polymers or biomolecules such as gelatin or albumin. 20, [23] [24] [25] However, chemically synthesized polymers are limited in the complexity of primary structures that can be conveniently and accurately prepared. Meanwhile, naturally derived proteins have complex primary and tertiary structures making it difficult to deduce their sequence-property relationships. As an alternative, advanced materials can be created using genetically engineered protein based polymers (PBPs). [26] [27] [28] [29] [30] Genetic engineering of PBPs is a remarkable toolkit that allows for full control over a polymer's primary sequence. Thus, PBPs B dx.doi.org/10.1021/bm101322m |Biomacromolecules XXXX, XXX, 000-000 Biomacromolecules ARTICLE can have reduced sequence complexity compared to natural proteins and more tunable sequence architectures compared to chemically synthesized polymers. In addition, PBPs have uniform properties owing to their monodispersity. 31 These factors make PBPs ideal for achieving our design goals. This study utilized a particularly well characterized class of PBPs known as elastin-like polypeptides (ELPs). The class of ELPs we used are based on a repeating pentapeptide sequence derived from tropoelastin, (Val-Pro-Gly-Xaa-Gly), where Xaa is a guest amino acid (excluding proline). 32 ELPs are elastic, resilient, biocompatible, and can be purified in high yield at low cost. [33] [34] [35] [36] ELPs exhibit a tunable thermoresponsive behavior known as the inverse temperature transition (ITT) that allows them to transition between a soluble form and an insoluble ELP-rich aggregated form when they are raised above a certain transition temperature (T t ). The T t varies with ELP sequence and solution conditions. 33, 37 Furthermore, ELPs are relatively unstructured and have fairly inert backbone sequence moieties, making them a blank canvas on which to modularly impart functionalities. 26, 27, 29, 34, 38, 39 Due to these unique, tunable properties, ELPs are promising for use as components in composite biomaterials. Here we developed novel ELP-based functional biopolymers to construct mechanically enhanced CPC-ELP nanocomposites. By controlling ELP primary structures at the molecular level through genetic engineering, we synthesized PBPs to mimic the adhesive proteins of biocomposites. We incorporated octaglutamic acid, a previously characterized HAP binding motif, 40 at the protein termini and positively, negatively, or neutrally charged amino acids along the polymer backbone to control the intramolecular, intermolecular, and interfacial interactions with HAP as depicted in Figure 1 . Our results showed that mineral binding had the largest effect on ELP-CPC composites, altering their mechanical, rheological, and cohesive properties. ELPs that did not bind HAP had no effect despite exhibiting the expected protein-protein interactions. This study provides useful information for the future rational design of ELPs and other polymers, for further improvement of CPC properties, for synthesis of novel hard-tissue biomaterials, and for use in other engineered composites.
' MATERIALS AND METHODS
Nomenclature. The ELP backbones were composed of repeating sequences of the form [(VPGVG) 2 VPGXG(VPGVG) 2 ] n where X was either valine (V), glutamate (E), or lysine (K). The backbones were named after the one letter amino acid code corresponding to the X position followed by the number of elastin-like pentapeptides in the sequence. For example, E15 corresponds to the sequence [(VPGVG) 2 -VPGEG(VPGVG) 2 ] 3 . Functional protein terminal sequences were indicated by the addition of a descriptor to the protein's name (e.g., E8).
Genetic Engineering. Cloning was performed in XL-1 Blue E. coli (Agilent Technologies, Santa Clara, CA) and constructed genes were confirmed by DNA sequencing. DNA sequences corresponding to the sequences for V5, E5, and K5 were created by annealing and ligation of synthetic oligonucleotides (IDT, Coralville, IA; Supporting Information, Table 1 ). The oligonucleotides were ligated into a pJ54 derived vector (DNA 2.0, Menlo Park, CA; Supporting Information, Figure 1 ), prepared by reaction with BamHI and Eco31I (V5) or BpiI and Eco31I (E5, K5; restriction enzymes from Fermentas, Glen Burnie, MD). In a typical round of cloning, the ELP insert was prepared by digestion with BamHI and Eco31I and the ELP vector was prepared with BamHI and Eco31I ( Figure 2 ). The products were ligated by T4 DNA Ligase (New England Biolabs, Ipswich, MA) and transformed into E. coli. Cloning rounds were repeated until the V/E/K125 sequences were generated. The ELP sequences were transferred into Eco31I digested, modified pET28b vectors (EMD, Gibbstown, NJ) containing specific N-terminal and C-terminal DNA sequences. The modified vectors were created by ligation of oligonucleotides into NcoI and BamHI digested pET28b (Supporting Information, Table 2 ). Detailed methods are available in the Supporting Information.
Protein Synthesis and Purification. The ELP plasmids were transformed into BLR(DE3) E. coli (EMD, Gibbstown, NJ) for expression. ELP expression was performed in shake flasks of Terrific Broth supplemented with 30 μg/mL kanamycin with shaking at 225 rpm and 37°C for 24 h. 36 The cells were isolated by centrifugation, resuspended in 10 mM Tris-Cl, 2 mM EDTA, pH 8.0 and lysed by probe sonication (Sonicator 3000, Misonix, Farmingdale, NY). The cell lysate was centrifuged at 30000 Â g for 30 min and the soluble fraction was mixed with poly(ethlyeneimine) (PEI M w ∼ 750000, Sigma-Aldrich) to form a 0.5% PEI solution. The PEI solution was centrifuged at 20000 Â g for 15 min and the supernatant was subjected to 3-4 rounds of inverse transition cycling for purification. 41 NaCl or ammonium sulfate was used as the precipitating salt and resuspension was performed in phosphate buffered saline, pH 7.4, during each round. 37 A modified method was used for purification of V125-E8E8 (details available in Supporting Information). The proteins were dialyzed into deionized water then lyophilized. MALDI-TOF MS was performed using a sinapinic acid matrix in a 30% acetonitrile, 0.1% TFA solution on an Applied Biosystems Voyager DE system. Transition Temperature Measurements. ELP transition temperatures were measured using ELPs dissolved to a concentration of 10 mg/mL in 20 mM Tris-Cl, pH 7.4 with either 150 mM NaCl or 120 mM NaCl and 10 mM CaCl 2 . The 50 μL solutions of each ELP were placed in an MJ Mini thermocycler (Bio-Rad, Hercules, CA) and ramped up from 10 to 95°C in 1°C increments. At each temperature, the solutions were inspected for bulk solution turbidity. After the onset of turbidity, the temperature at which no further increases in turbidity were perceptible was designated as the transition temperature.
Hydroxyapatite Binding Assays. For hydroxyapatite (HAP)
binding assays, each ELP was mixed with polycrystalline HAP particles (Alfa Aesar) to form 1.6 mg/mL ELP and 40 mg/mL HAP solutions in 20 mM Tris-Cl pH 7.4. The solutions were rotated end-over-end for 24 h at room temperature. The soluble fraction was isolated after centrifugation at 10000 Â g for 10 min. The concentration of ELP in the soluble Biomacromolecules ARTICLE fraction was determined using a bicinchoninic acid assay (ThermoScientific, Rockford, IL). Each protein was used to create its own standard curve.
Hydroxyapatite Dispersion. For HAP dispersion assays, each ELP was mixed with nanoscale hydroxyapatite (nHAP) crystals. The nHAP crystals were hydrothermally synthesized from a solution of linoleic acid, sodium linoleate, ethanol, CaNO 3 , and Na 3 PO 4. as previously described 42 and washed thoroughly with several rounds of ethanol and 400 mM sodium phosphate, pH 9 solutions to remove surfactant. The 1.0 mg/mL solutions of nHAP in 20 mM Tris-Cl, pH 7.4, were bath sonicated for half an hour. An equal volume of 2.0 mg/mL ELP solutions in the same buffer were then added to the nHAP solutions. The mixtures were sonicated for an additional 10 min and then transferred to a tabletop for monitoring of sedimentation.
Calcium Phosphate Cement Synthesis. The components of the calcium phosphate cements (CPC) are tetracalcium phosphate (TTCP) and dicalcium phosphate anhydrous (DCPA). TTCP with an average particle size of ∼15 μm was purchased (Ensail Beijing Co. Ltd., Beijing, China). DCPA was synthesized from a solution of CaCO 3 and H 3 PO 4 , as previously described, except the reaction time was extended to 24 h. 43 The powders were thoroughly mixed at a 1:1 molar ratio. To fabricate cements, the powders were mixed in PTFE mixing bowls with ice-cold water or ELP-solutions at powder to liquid weight ratios ranging from 3:1 to 4.25:1. Washout tests were performed by hand molding the cements into spheres and immediately immersing them into a simulated physiological solution (1.15 mM CaCl 2 , 1.2 mM Na 2 HPO 4 , 133 mM NaCl, 50 mM HEPES, pH 7.4)) at 37°C. 20 Injection testing was performed by immediately placing the CPC mixtures into a chilled syringe with an attached 16 gauge needle.
Mechanical Testing of ELP-CPC Composites. The CPC mixtures were formed into cylinders 3 mm in diameter and 6 mm in height using stainless steel molds for compression testing or into bars 1.5 mm in height, 2 mm in width, and 25 mm in length using PTFE molds for 3-point bending tests. The mixtures were molded by hand with the aid of the blunt end of a 7/64" drill bit. The ends of the molds were covered with glass slides and then placed into 37°C, 100% humidity chambers for 20 h. The specimens were removed from their molds after 20 h and immersed in the simulated physiological solution at 37°C for 4 h prior to mechanical testing. Testing was performed on an Instron model 5544 mechanical testing machine. Sample dimensions were measured by digital calipers. All tests were performed immediately after being removed from solution. For compression tests, a crosshead speed of 1 mm/min was used. For three-point bending tests, a 20 mm span and 0.5 mm/min crosshead speed were used. Work-of-fracture for threepoint bending samples was calculated as the area under the loaddisplacement curve divided by the specimen's cross-sectional area. 20 Six or more and five or more samples of each ELP-CPC mixture were tested for compression and bending tests, respectively. Statistical analysis was performed using one-way ANOVA and Tukey's Honestly Significant Difference Test.
Microstructural Analysis. Immediately after mechanical testing, the samples were immersed in ethanol to halt the setting reaction then dried in a 50°C oven. The fracture surfaces of selected samples were sputter coated with gold and visualized using a scanning electron microscope (Hitachi S5000).
RESULTS AND DISCUSSION
ELP Protein Design. We synthesized a set of elastin-like polypeptides (Table 1) to emulate the noncovalent interactions available to natural biocomposite proteins. Specifically, the goals of our protein design were, first, to generate ELPs that would vary in the possible backbone-backbone and backbone-ion interactions and, second, to create ELPs that would have interfacial interactions by binding to HAP. These interactions are depicted in Figure 1 . We believe that satisfying these goals establishes a suitable starting library for studying sequence property relationships. To generate synthetic proteins with the desired interactions, a series of ELP genes were synthesized via a seamless, iterative cloning method that is akin to previously implemented Figure 2A,B) . 28, 44 The backbone sequences were transferred to expression vectors containing the desired N-and C-terminal sequences in-frame. The proteins were expressed, purified via the ITC method, 41 and characterized for purity and monodispersity by MALDI-TOF MS ( Figure 2C ). Each protein was verified to be within 0.5% of its expected molecular weight. As shown in Figure 2C , the proteins span a 2 kDa range from ∼51-53 kDa. The resulting ELPs include uniformly neutrally (V125), negatively (E125), and positively (K125) charged backbones. The ELP length of 125 pentapeptides was chosen such that the neutral ELP would transition in the temperature range of biological interest (between room temperature and physiological temperature). The neutral backbone could then be used to investigate the effects of the temperature transition on our composites. The negatively and positively charged backbones were then designed with the same length, as this would allow us to exclude polymer molecular weight as a factor in our experiments. 28, 44 To create the HAP binding ELPs, we linked an octaglutamic acid (E8) motif to either the C-or the N-and C-terminal of V125 to generate V125-E8 and V125-E8E8. High concentrations of negatively charged side chains are common in several noncollagenous proteins in bones and teeth including osteopontin, dentin matrix protein, and osteocalcin. [45] [46] [47] In fact, the E8 motif is found in the sequence of bone sialoprotein. The negatively charged groups are believed to play a role in HAP binding, calcium ion binding, and mineralization regulation. 46 Previous work has shown that bone binding can be conferred to short peptides or small molecule drugs by conjugating them with oligoglutamic or oligoaspartic acid sequences. 40, 48 In addition, previous incorporation of short binding motifs into ELPs without loss of stimuli-responsiveness suggests that functional sequences such as E8 can be modularly added into ELP sequences. 49 The charged backbone ELPs, K125 and E125, were designed as starting points to investigate the effects of polymer backbones with dispersed charges. These backbones might interact ionically with each other or with solution ions. Previously, a silk-elastin polymer with similarly dispersed charged residues was shown to influence the disperson of nanoparticles in clay-protein nanocomposites. 50 The variety of polymer architectures and uniformity in backbone length and charge distribution demonstrates the power of using PBPs in endeavors such as this; it would be difficult to create a similar library using conventional polymer chemistry. Furthermore, the nature of the cloning method lends itself to the simple formation of different molecular weight libraries or to the formation of blockcopolymer architectures in the future.
ELP-ELP and ELP-Ion Interactions. We characterized protein-protein or protein-ion interactions by measuring transition temperatures (T t s), as determined by solution turbidity, as seen in Table 2 . Two solutions with equal ionic strengths were used. One solution contained 10 mM Ca 2þ ions, while the other did not. As expected, the most hydrophobic ELPs, V125 and V125-E8, transitioned at 27 and 33°C, respectively. V125-E8 showed a small (2°C) response to calcium ion concentration. Under physiological conditions, these proteins are above their T t s and therefore should engage in intermolecular and intramolecular hydrophobic interactions. Interestingly, in the calcium free V125-E8E8 solution, no strong turbidity change was seen up to 95°C. We believe that the charged end groups may be suppressing the transition or that its bola-amphiphilic nature may result in the formation of soluble, charge-stabilized complexes. In contrast, V125-E8E8 in the presence of calcium ions had a 40°C T t . This suggests that if the E8 motifs are sufficiently neutralized by calcium, as may occur during CPC setting or by mineral binding, V125-E8E8 might also be near its T t at physiological temperatures. Both E125 and K125 had T t s out of physiological temperature ranges. Unlike K125 and V125, E125 showed a calcium ion dependent shift in T t to a lower temperature. This indicates that E125's negatively charged side chains are specifically interacting with calcium ions and may form the type of ion-mediated sacrificial bonds depicted in Figure 1D . These types of bonds have been shown to be active in the energy dissipating mechanisms of osteopontin and in mussel byssal fibers.
18,51 Finally, we created 50:50 mixtures of K125 and E125 and demonstrated that backbone-backbone charge-charge interactions such as those depicted in Figure 1C are occurring as indicated by the lower temperature transition of the mixtures compared to solutions with either protein alone.
Interactions with HAP. We characterized sequence-dependent protein-mineral interactions using ELP-HAP binding assays ( Figure 3A) . In short, ELPs and HAP crystals were mixed in solution to allow binding. Afterward, HAP and any bound ELP were separated by centrifugation and the remaining ELP concentration in solution was quantified. The binding assays confirmed that, despite the small size of the E8 motif relative to the full protein (1.25 or 2.5% of the length in amino acids), the ELPs are imparted with an ability to bind HAP. Interestingly, at the same HAP/ELP mass ratio, E125, which has 25 glutamates does not appear to bind as well as the E8 containing elastins. This may be due to greater competition for binding sites. The distributed glutamates likely lead to a more extended bound conformation for E125 compared to the E8 ELPs. In addition, E8 likely has a higher affinity because binding of glutamate side chains decreases Biomacromolecules ARTICLE charge-charge repulsion in the highly charged motif and places the other side chains in close proximity to the mineral surface for cooperative binding. These results are consistent with previous studies highlighting the importance of negative charge clustering over total negative charge when determining HAP affinity.
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Although there are reports regarding the importance of cationic residues for HAP binding, 52,53 K125 showed little to no binding activity. Even when the ratio of HAP to ELP was increased, no increase in percent binding was observed (results not shown). Therefore, K125 likely does not present its basic residues in a manner suitable for binding. Finally, the neutral ELP, V125, showed no binding activity to HAP. These results demonstrate that ELPs can be used to investigate sequence-dependent protein binding to HAP and other materials. Future modification by genetic engineering or chemical modification will allow us to test the role of binding motif length or to perform testing on other synthetic 54, 55 and naturally derived 56, 57 binding motifs. Engineereed HAP-binding ELPs might also be used as therapeutic agents to target HAP while presenting bioactive ligands or drug molecules. 26, 29, 56 We investigated the solution behavior of ELP-nanohydroxyapatite (nHAP) mixtures by visually observing their time dependent sedimentation behavior. Complete sedimentation occurred within 30 min when hydrothermally synthesized nHAP was dispersed in V125, K125, or E125 solutions. Consistent with the binding results, V125-E8 and V125-E8E8 containing solutions decreased the rate of sedimentation. (Figure 3B) . In contrast to a previous study using clay nanoparticle sheets, the ELPs with periodic charge (E125 and K125) had no effect on particle dispersion. 50 In V125-E8 solutions there was no visible sedimentation for several hours. This can be explained by the formation of a brush layer after V125-E8 binds, which sterically hinders aggregation of nHAP particles ( Figure 3C ). V125-E8E8 solutions also sedimented at a slower rate. We attribute this to initial binding and steric stabilization followed by polymer bridging leading to particle aggregation and sedimentation ( Figure 3D ). 58 Like many nanoparticles, nHAP is prone to aggregation in the absence of stabilizers, limiting its effectiveness as a material for composite reinforcement. 59 , 60 These results demonstrate that ELPs can be used as thermoresponsive colloidal dispersants for nHAP as has been shown previously for ELP-bound gold nanoparticles. 61 ELP dispersed nHAP might therefore be used in nHAP reinforced composite materials. 60 Meanwhile, telechelic ELPs such as V125-E8E8 may be used to bridge similar or dissimilar materials depending on the terminal amino acid sequences. This property may be useful for the development of composite hydrogel networks. 62 ELP-CPC Composite Materials. To investigate the effects of our ELP constructs on the mechanical properties of ELP-HAP composites, we synthesized and characterized ELP-containing calcium phosphate cements. The HAP forming CPC formulation composed of dicalcium phosphate anhydrous (DCPA) and tetracalcium phosphate (TTCP) was used. 63 In the absence of ELPs, the maximum powder to liquid (P/L) mass ratio which allowed for suitable mixing and handling was 3:1. Solutions of ELPs (10 wt %) were used for fabricating CPC samples because higher percentages became difficult to handle due to their viscosity. When 10 wt % solutions of V125-E8 and V125-E8E8 were mixed with the CPC powders, there were significant changes to the cements' rheological and mechanical properties. CPC powders mixed with water at a 3:1 P/L ratio formed moldable putties, while, at the same ratio, E8 containing ELPs formed highly fluid mixtures. The effect was more pronounced for V125-E8 containing cements compared to V125-E8E8. This behavior is consistent with the HAP dispersion assay and suggests that the E8 ELPs are acting as plasticizers by binding to the CPC particles and promoting particle dispersion. A similar effect has been demonstrated with sodium citrate and industrial superplasticizer modified CPCs although dispersion in those cases is promoted by charge repulsion.
64,65 The increased fluidity of E8 ELP containing cements allows for increases in the P/L ratio because less water is required to solvate the cement particles. Increased P/L ratios have been shown to result in less porous, mechanically stronger cements. Therefore, samples were tested at P/L ratios of 4.25 to 1 for V125-E8 and 4 to 1 for V125-E8E8. Both ELPs resulted in cements with statistically significant increases in compressive strength going from ∼36 MPa for control cements to ∼57 MPa for both V125E8 and V125E8E8 containing cements (P < 0.001). Interestingly, although increasing P/L ratios can increase strength by reducing porosity, 64 the E8 ELPs appeared to have an intrinsic strengthening effect. As evidence, surprisingly, when 5 wt % V125-E8 solutions were used at a P/L ratio of 4, the compressive strength (∼37 MPa) was not significantly increased compared to control. If the increased strength was due to purely to decreased porosity then similar strength improvements should have been found for 5 and 10% formulations. In addition, by SEM analysis, the E8 elastins appeared to have qualitatively larger pores compared to the control cement as has been seen previously in plasticized CPCs ( Figure 5A-C) . 65 These pores may be the result of air entrainment due to the ELPs' surfactant-like structures, although we did not investigate this possibility further.
66 Regardless, this porosity should decrease strength, once again pointing to the presence of an intrinsic strengthening mechanism. At higher magnifications in the SEM, it was apparent that the ELPs altered the crystal growth process ( Figure 5D-F) . V125-E8 containing cements appeared to have larger crystallites with more rounded edges compared to the sharply faceted crystallites seen in control cements. V125-E8E8 containing cements appeared to also have more rounded crystallites in addition to a number of wide and flat crystallites. The exact effect of these morphological changes is unknown. In addition to binding the surfaces of the cement crystallites, the E8 elastins might also become physically occluded into the crystal lattices as the crystals precipitated. There is some evidence that this may occur in natural biomineralized systems 67 and it has been shown to occur in synthetic systems. 68, 69 In fact, occlusion of macromolecules within mineral crystals can increase the mechanical properties of the crystals. 69 The promising improvements in compressive strength led us to further characterize the flexural strength and work of facture of E8 ELP containing cements using three-point bending tests ( Figure 4B ). No significant difference was found when V125 was used as the additive compared to control samples. However, the flexural strength was found to improve from ∼9.4 MPa for control samples to ∼14.6 MPa or ∼14.1 MPa for V125-E8 or V125-E8E8 containing samples, respectively. In addition, the work-of-fracture increased from ∼13.1 to ∼21.2 or 20.9 J/m 2 for V125-E8 or V125-E8E8 containing samples, respectively.
The uniformly charged ELPs were also tested as CPC additives. In addition, a 50:50 mixture of K125 and E125 was tested in order to investigate the effect of ionic backbone-backbone interactions ( Figure 1C ). Using 10 wt % solutions, the use of V125, K125, E125, and 50:50 K125/E125 solutions did not change the suitable P/L ratio nor did they have statistically significant effects on the compressive strength of the resulting materials ( Figure 4A ). For V125 and K125, we can attribute this to the lack of significant interactions with the inorganic phase. Previously, polyanionic polymers such as alginate 70 and poly(acrylic acid) 23 were shown to alter CPC mechanical properties, presumably due to interactions between the carboxylic acid groups and calcium ions released during cement setting. 71, 72 The lack of an effect from addition of E125 may be due to its lower charge density or weaker HAP binding ability compared to the previously used anionic polymers. In addition, 50:50 mixtures of E125 and K125 showed no effects. Despite the protein-protein and proteinion interactions available to these proteins suggested by the transition temperature experiments, the lack of strong interactions with HAP may be preventing those energy dissipating bonds from actively playing a role in altering the mechanical properties. For each of these ELP-CPC composites, we cannot rule out that the mineral to protein ratio was not optimal. There should be an ideal quantity of polymeric additive to yield the best properties. 73 For example, previous work showed that only certain inorganic to organic ratios yielded strength improvements, after which, there were decreases in performance. 24 These results show that ELP incorporation provides sequence-dependent mechanical property improvements to CPCs under multiple loading modes. Based on these results, future work can combine ELPs with other additives to further improve the mechanical properties. 74 
Injectability and Washout Resistance of ELP-CPC Composite.
We demonstrated that incorporation of V125-E8 allows for formation of an injectable CPC-based bone composite with increased stability in fluids. Because of the aforementioned fluidity of CPCs containing E8 elastins, CPC-V125-E8 mixtures could be injected through a 16 gauge needle even at a P/L ratio of 4:1 (Supporting Information, Movie 1). The injectability of CPCs is important for minimally invasive techniques such as vertebroplasty and for implantation sites that are poorly accessible or narrow. 75 Washout tests qualitatively determine the stability of cements by immersion of cements in solution and visualization of the loss of material to a surrounding solution. The loss of material known as washout can be medically hazardous and limits the utility of injectable formulas. 76 When E8 containing cements reached physiological temperatures, they became cohesive putties due to the ELPs' inverse temperature transition. The effect of this cohesiveness was readily apparent in washout tests. The E8 containing cements remained as cohesive masses when placed into physiological buffer whereas control cements disintegrated ( Figure 6 ). Therefore, the thermoresponsive cohesiveness observed in our cements is promising for surgical applications as it allows for highly injectable, yet washout resistant, cements.
CONCLUSION
We designed biomimetic ELP matrices to fabricate novel bionanocomposite materials and characterized their proteinprotein interactions, protein-ion interactions, HAP binding ability, and mechanical properties in the form of ELP-CPC composites. This study demonstrates the flexibility and power of using genetically engineered proteins as tools for studying sequence-property relationships of bone nanocomposite materials. By imparting ELPs with varying modes of inter/intra molecular bonding and interfacial bonding we were able to demonstrate sequence specific property changes in ELP-HAP mixtures. Our results showed that interfacial binding to HAP through octaglutamic acid motifs was critical for imparting functionalities such as nanoparticle dispersion and mechanical property improvements in ELP-CPC composites. In the absence of binding, the physical properties of the protein had no effects. Using our genetic engineering method, we can further explore the relationship between polymer structure and composite properties by changing and combining factors such as binding motif length, the motif itself, and molecular weight. New backbone-backbone interactions can be explored using other repeat-sequence motifs 28, 50 or through the incorporation of known protein-based associative or folded domains. 27, 77 Meanwhile, genetic insertion of bioactive motifs 38 and incorporation into other bone-composite fabrication techniques 78 will expand ELP functionality. In addition ELPs may be utilized to determine sequence-property relationships in more fundamental studies on biomineralization or for single-molecule force spectroscopy. 18, 79 We believe that our results are not limited to applications involving HAP, but can be expanded to explore composites with other metals and minerals. Through further iterative, rational design and combination with methods for synthesizing organized architectures, 8, 80 our approach may yield strong and tough materials for future load-bearing applications such as hard-tissue replacements.
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